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NOL WIND-TUMNEL INTERMAL STRAIN-GAGE BAIANCE SYSTEM

Prepared byt

1. Shants
B. D. Gilbert
C. E. Vhite

ABSTRACT: This report describdes some of the genersl design features,
both electrical and mechanioal, currently usad in the comstruction of
interml strain-gage balances. Arong the deslgn features discussed

are the geomstric shape of the individual measuring sections, the
placemant and donding of the strain gages to these sections, amd the
wiring circuits used. A large portion of this report is devoted to the
ssthods of calidration and derivations of the data reduction equations
vhich oconvert rav data into aerodymamic coefficients. This work was

oarried out under NOL Task M9a=133=1=5L.
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This report is one of a series of three vhich have besn prepared for 5
use by personnel or crganisations vho vill be using the facilities of

the Naval Ordrance laboratory for developmental vind-tunnel testing

vork. This report descrides the design and use of internal strain-

gage balances to obtain serodynamic design data. :

;E"Lﬁ—_ﬁ— sy

The sywtem used for recording vind-tunnel force, moment, an{ pressure
data as received from electrical resistance strain-gage dalances is
descrived in referenco (a).

Reference (b) contains a generel description of the vind-tunnel plant

1
f
{
and facilities, testing procedures, and general administrative ]
information. l :
l,
I

The authors wish to acknovledge the efforts of the many Muval Ordnance
Iadoratory personnel vhoee work has been included in this report amd
particularly the original vork of Dr. G, L. Shue in the development

of the internal atrein-gage balances.

JOHN T. RAYWARD
Captain, USN 3
Commander

H. H. XURINEO, Chief
Aerodallistic Research Department
By direction
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0L VIR-TUNNEL INTERNK!: STRAIN-GAGE BAIANCE SYSTIM
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o = impact presswe (pe1) = 3/2pv2 x /1M

P = demsity of strean (slugs/eed)
v » frec=strean velosity (£4/ses)

(1) zexees

D = dveg fores (younds) (vind aves)

7 » axial feree (powmis) (bvalanee azes)
L = 1128 feree (poumds)lvind azes)

¥ o normal force (pounds)(balanse axes)

Y = 1aterel or yw foree (pounds) (dalames axis)
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Symbols (continued)
(2) Moments .

T~

Mg = rolling moment { inch-pounds )
My= yaving moment (inch-pounds)
Mg = pitching moment (inch-pounds)
(3) Reference points (stations along balance axis)

X = X = center of g.avity location (reference for !
pitching and yaving moments) i

xc.p. = center of pressure location

Xe = electrical center of gage

X1 = olsctrical center of forward pitching moment gage
X2 = electrical center of aft pitching moment gage

x3 e olectrical center of forvard yaving moment gage
Xy  + electrical center of aft yawing moment gage

et N —

X7 = slectrical center of axial force acting as &
pitching moment gage (interaction

X8 = electrical center of axial force gage acting as a
yaving moment gage (interaction)

Angular Ovjentetion
G = angle of attack (degrees) (pitch plane)

# = angle of roll (degrees) (angular displacement in plane
trensverse to balance axis)

y'= angle of yaw (degrees) (yav planse)
Reference Dimensions

(1) Missile
A = cross-sectional ares (ineh?)

d = noninal body diameter (inches) .

.3 "Sagetiy - e - . -t & - - - - .. - . ._r -
L
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Syzbols (continued)
(2) Atrerat
b = ving span (inches)
¢ = ving mean asrodymamic chord (inches)
8 = ving area (inches)2
Asrodynanic Coefficients
CA = azial force cosfficient = 7/q.8
Cp = drag force coefficiemt » D/q.8
CL = 1ift force coefficient = L/q.8
Cy = normal force coefficient = N/q.8
CY = yav force coefficient = Y/q.8
Cg = rolling moment coefficient = Ng/q.8.d
Cp = yawing moment coefficient = Mp/q.8.d
C¢ = pitching moment coofficient = Mg/q.8.d

Operating Principle of the Internal Strain-GCage Balance

b, The principle of the imtermal strain-gage balance is &
relatively simple ons, It 15 merely & camtilever beam with specially
designed cross-sections vhich are more semsitive (deflect much more) to
and type of loading than to any other loadiang. The ideal comdition is
a £laxwre section vhich vill deflect only for the loading to be measured.
In prestise, it is almost impossible to design and bBuild a bYalanne which
is tetally fres of interaction, Frocedures and wetheds for desling
with these interactions are presented in suceeeding paregraphe, Mach
of the load sensing flexures convorts the physical stress it picks wp
i{nto an electrical signmal by mesans of strein gages vhich are bonded to
the metal at that location,

5. The chamge in resistance dus to deflectiom of a strein gage
15 very smll, The resultant percentage change .n voltage across the

have the small change produced

P p———— — . oy ap o o -
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b, A photograph of & six-component dalance used in developmental
testing is presented in Figure 5. The axial section in this balance
utilizes the parallel tvo bridge circuit,

Nounting of SR-M Bakelite Strein Cages

15. The efficiency of a balance depends to & large extent on the
proper application of the strain gages. Therefore, great care must de
taken in preparing and cementing the strein gages to the flexible mesbers
of the balance. A good bond will facilitate dalancing of the complete
bridge circuit and help to reduce temperature effect to o minimm,

16, Bach bridge circuit should comtain four matched strein gages.
These gages must Do equal in resistance ¢0 vithin ome :with of an oha
and contain the same gage factor:

MWOQAR/AL
R/ L

vhere A R is the change of the umstrained resistance R produced by an
increment in length AL on the original lemgth L. In the event not
enough matched strain gages are availadle, strain gages of two
adjacent aras should be matched.
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Calibretion of Pitching and Yaving Moments

25, The calibration procedure for pitching moment and yawing moment
is exactly the same, The intermal strain-gage dalances used in the ¥OL
40 x 40 cm Asrcballistics Tumnels employ the two-moment method for
determining norml or side forces. Therefore, it will be sufficient to
present the procedure for only onme moment gage.

26, The actual calidration procedure oan e broken up into three
steps in the following mannesr:

(a) The balance and sting 1s mounted in a dividing head in the

same position that it vill cooupy in the tumel, i.e., positive angle of
attack up and the balance is leveled.

in the seame position
the electrical center of the gage to some arditrery point on the model, 1.e.,
base of the modsel,

(c) Calitruted veights are applied to the dalance, via model
calibrating body, at defined locations. The change in resistance of the
strain gages at the msasuring sectiom, due to the applied load, is recorded
by the strain indicator equipment for' each incremsit of load applied, The
strain indicator equipment yields the s
divisions (AH) s is related 40 the actusl moment by the equatiom,

Ma N (X <X) » K (AX)
vhere

N = moment (inch-1be)

¥ =« normal force, known weights (1ds)

K = gage constant (inch-1be/dial divisiom)

Low electrical center of gage (in.)

X = point of applioation of load (ineh)

AR » dial divisions of deflection

27. With the Inomn veights hung at a known distance from the referemce

point, the factor K may be determined. Below is shown a plot of the AKX

values recorded vhen Imovn veights are hung at various stations along the
X axis (body axtis), :

- m—

PP Y PO

And

) l"’t:.u. Ao b oo binftis
1
t

i
']
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AH

The point along the axis vhere the strain is sero, is the elsctrical
of

center the gage. The electrical center and the geometric cemter of
the gages my not coincide. This may be due to the mammer in which
the gages are mounted or it may be a mechanical charecteristic of the

balance, or a combination of dboth, The same procedures apply for yawing
moment loeds that apply for pitching moment loads, The only difference
being that the dalance is rotated 90 degrees ccunter-clockvise (looking
forvard from base of model),

/

Determination of Calimation Constants
(Pitch and Yav)

M= N(x-x‘) «K(aH) )x‘c-.- :.oi::m: station
% (AH) = X‘X;

x-%(AH) £ X,
X K (AH) -

X, X —I;l-) v U

= AH
Y s ,-"L;(X)__’E(y)zl

(1)
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Muitiply equation (1) by X and by Y to obtain a pair of simltaneous
oquations: we have:

()% - (5)x¥ =x

(2)

L Yxy o : _
x‘) -’%)Y <7 (3)

Teaking summtions:

Lysxt (K )Exy =2x (W)
(’(c) (xc)
(-,"—‘)ixv '(-5;)2 Ye=Z2Y (%)
by determinants:

IX Iy
! Y “A . —3IX-2Y¥? 4+ 2Y -EXY
Xe & "";’4 SEX YT 4 (EXY)*

XY -2

L2 S 8 4
K Iy Y| _ Ext.zVY — EZX-EXY
Xe T |Ext -zxo --ix'-zv’-o-(z)w)‘

XY -tY“

K s _K_(_L_) | =xt 2y —gEx-2xy |l-2xt zv? 4 (ExY)
) -
Xe\ ¢ —EXMZY? 4 (EXY)® [-ex-gyfezy-Zxy
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therefore,

Ks EXS-ZY -ZX-ZXY
~ZX EY! 4 2Y- LY

(6)

CEXY) - ZXx*.gvy?

(7

EY - ZIXY —ZX . Zy?

GM fﬂl

Ciovw convenTION

The moments measured at stations X3 and Xo are caused by a norm) force (N)
acting at station X¢ p,

-M, = N(X. "Xe.p,) @)
M, ¢ N(xg..,-xl) (9)
Mz 2 N(Xe.r. - X)

Ms =N(x. -i) M, = Me-N(% ‘xa)
(10)
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8dding equations (8) and (9) we nave

N!-Ml IN[X(.P.-X‘ "'x‘ —Xe.nj .N(Xo‘X¢)
solving for ¥
v s
1= Ry

Expressing }p and My 1n the form

M. = K, (AH), (12)
and substituting into Quation (11)
N Kot _ 0 ay) - ()
X = X; X, - X
in oomtc‘tm form
C~ - E“AHQ‘ AM), (15)

) TS Xi-x,) —_ F'S (% -x,)

- e
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Solving for the pitching moment at the center of grevity (),
substituting equation (11) into (10).

Mz = M, ~ [-"h;ﬁl-].(‘!-x.)

xl "Xe

Mz = M, -Mz[ﬁ]'.' M.[.%:'__%
Mz = M, zfﬁf_%:'_—z] * M'[P‘_
; (R Y A
Mg = M‘[.)K(‘.::E:] * M'[H’:} o

using equations (12) and (13)

Mg = K“““)eH] + K (AH), [ =2 70D

X, "X;
oxpreseing H' in coefficient form acocording to
Mz :Ce9'S.d
Ve have
KaHk X, - X K (aH), (¥ - %4
C. * ¢ sd [X. - Xa + $.S. [Xo-Xg] (18)

For ease of handling in IBM reduction, equations (13) and (18) may de
sxpressed in the form

) Cn = Bu(aH), = Au(aH), (29)

L
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Ce = Bo(aH), ., Ae(AH),

vhere
7ls<x.~x‘) ] t 4 7 s(x‘ -x‘)
] L — 'Y B ® - S
PeTlE] e o [feX

Theso constants wil) change only with Mach nusber and/or & change in
sensitivity, A similay derivation MMy be used to find the force and
Bomunt in the yaw plane, this wil} yield

Cr = By(an), - Av(aN),

Cv = By(aH), - Ay(an)y

vhere

VPSR b By e ke

83 (xs -xg)

Wt T 35%#‘:‘.‘:&5%]
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31
il

mw m~m mmu
umwmmm mm“muﬁ_umw

Axial Force Calidvretion and Reduction

F sK¢(aH) = Ca' 'S

CAH),

Car K¢
?

Kg = pounds/dial division
To deternine K§ from calibratien
®

K

n

vhere! n » mumber of increments used.

e Bt SRS £ oot L0 ©
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Beriveticn of Axial Force Interections

30. Intersctions on axial force arise from the condition of the axial
force gage acting as a pitching and/or ywwing moment gage in addition to
masuwring longitudinal force. These interections, for balancesvhioch have
the dreg link located inside of the model, are of the order of ome to three
peroent, The form of the pitch imterections on axial fcxce 1is eimilar to
that of the yww interections therefore, an analysis for only pisch
interactions is sufficient to illustrate the method., The conditsioms of
combined loading consisting of & normal load and an axial load can %
illustreted in the follovwing diagrem:

|
. 1
| i I I elec, center of
»® - | axial gage acting
=R X Ky as & pitch mom,
nge ’
My = N (Xen =Xy) = Mg + N(R =x;) (26)

The strain indicator reads the total effect of both axial force and piteh
imerection; therefore,

vheret
Allp = total resding
AHy 2 AHp + A Hy (e7) Al = axial force
Oy » moment interection
componont

Strein indicator resdings (AXR) are related to the component forces and
noment by the following equations

F s R‘ (A“‘) (ea)

My Ky (&Ko) (29}

[~ T = L e woe . - e e e e e e—
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Rearranging equation (27) and substituting in equations (28) and (29).

T T AMr - My (30)
¢ Ky
Using the relationship expressed in equation (26), ve have
[
Tt Ay = ML N (R -xy) (s)
Ky K,y
Expressing the forces and moment in coefficient form accoriing to
F *Cags (32)
M.. t 4 c. ' 'S'd
* : (33)
2 Cn'@'S
N=Cu'$ (34)
ve nov have
.__L.. QHy - C!;‘g 'S d Cn't-S &_’,}”)
? K
solving for Cp ’
Cn'—é—““r) - Co - d('RL) Cw@-%) Ky (95)

.“,

Performing & similar analysis for the combined conditions of yaw load and
axial load, ve have

Ca » Ke (any) = Cy dfKe) - Cy(R- %) K¢ (D
?’ ( ) Ko

by g
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For the general combined load conditicn whers pltch, yav, and axisl force
loads are applied; equations (36) and (37) are combined and the final
reduction equation becomes:

Cr = ,-ﬁg OH, - c.(x = Xn)fe —Cv(® -x9 ks

Ke (38)
- Co- i) - O o)

vhere A Hy contains moment components due to pitching and yawing moments,

For simplification and ease in IBM reduction, equation (38) may be vritten

CA = A‘ (AHT) 'SN'CN -SY 'CY -S.'C. "'s* 'c* (39)

vhere
AA=;%
Suz K@ -xy) s Sy =Sz -y
Ses 9K . . |
Ky > ¥ o o % !

The "8" constante do not change throughout the entire tost, i.e., changes
in K6 sensitivity also changes K7 and Kf in oqual ;roportion.

constant (Ay) will change with Mach nusber and sensitivity of the axial
force guge.

Rolling Moment Calibration and Reductior

31. In perforaming a rolling moment calibration, it is necessary to
use & special rolling moment rig. This rig consists of a clamp which
attaches to the model and hes an arm vhich extends horizontally out and
is perpendicular to the model axis, The arm ex.ends out an equsl length
on each side of the model axis, The urm contains tvo machined groovos,
one at each end. The grooves ars equally spaced from the model axis
(four inches from the model axis; and are designed to allov & veight pan
at each gro.’e. The load necessary to give the proper rolling moment

18

i
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is split into tvo sections., One half of the load is placed on each
pan. The channel is then balanced and the load is transferred in
increments from one pan to the other applying positive or clockvise
rolling moment {looking forward from the bass). All of the veights
are tyansferred and then the procedure is reversed and all of the
veights are taken across, still in increments, to the opposite pan;
thus imparting negative rolling moment to the model. After all of the
veights have been transferred to the opposite pan, half of the load
is returned to the original pan, again in incremsnts, and the origiml
condition of equilibrium is reached., Strain indicator readings are
taken after each incremsnt of load transferred throughout the entire
procedure., A linsar relationship exists between the rolling moment
applied and the strain indicator deflection, expressed by the equation

M’ =W -(Mmun ARM) = K¢ (AH)‘- (40)

W = veight (pounds)

moment arm = distance from center line of balance to weight
pan (inches)

K5 « inch-pounds/dial division
To deternine Xs from calibretion,

Ke = m (h1)

Ve (4
vhere:t n = mmbder of increments used

A rolling moment interection dus to the application of a normal or

Y™ losd can wually be removed electrically, as descrided in paregrap:. 28,
BEovever, it 1s not always possible to entirely remove the interaction by
shunting; it then becomes necessary to calibrate the interaction and
remove its effect in the data reduction. A derivation of the interection
oquations and their appliocation follows:

Derivation of Roll Interaction Equations

32, Fhysically it can de said that the balance axis and the roll
axis are skeved lines in space. In evaluating the interaction of a
normal or yaw force on roll, ve deal vwith the projections of the roll
axis on a horisontal plane vhich passes through the balance axis. The
folloving diagrea illustretes this concept.



N RoLL Axis

PROvECTION ON
XY  PLANE

BALANCE A
X XIS

Taking a body cross-section at station X) along the balance axis, it
vould appear as,
N
RoOLL AX|3
X axis vertical with
T— Fam——n plane of paper

g

rolling mement (Mg) obtained at station X) by & normal force applied
shown 1is

M¢‘ = N-,v_. = K:(AH;,)'

therefore (s2)
- Ke (AH L),
’&' = N

The same norml force (N) applied at station X2 will yield

Mg, = N- o, = Ks(aH),

Mo = Ke(an.), | (43)

N

20

© L A e,
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Taking the values uf y; and y,, obtained at stations X; amd X;
respectively, and plotting them in the X Y plane yields:

This plot vill form the basis from vhich the interaction constants are
deternined,

The case vhere there is a rolling moment and & normal force acting
on & body can be illustrated by the following diagream.

1

ROLL AXIS IN K=Y
PLANE

3 §
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The total rolling mcment read (Mg,) consists of the srus relling moment
(Mg) plus an interaction moment 1)

b
Moy = Mg + My, it
From the above diagrem
h3)
Még, = N-/y‘,,. (43
vhere
#c.p, = 'g + m(’(s.n-— ',7) (k)
vhere a = slope of y, X curve = _2_,‘&
therefore,
Me: = N[F + m(ten )] (1)
from equation (10)
M-‘- . N(x"P S 7)
therefore,
M',.::N'a +MM§' (48)
defining the quantities in equation (k) vy
' H‘-

M¢ = K:(AHJ)

and stating that the total reading (AHy) in 4ial division of u” rolling
moment gage is made up of the true rolling moment component { AMs) and the
interaction component ( AH.) yields

Ay x Ay — BH L (%0)
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substituting for A H, yields

ﬂ“f = OHy - ﬂ:ﬂ. = AHy —(N"£+W'M7)
s
Ke

Mg = Ko(aH) =N 4 — e Mg (52)
In coefficient form, ve have

Co:3's.d= K,(aH,) -Cugs- ~mM Cog.5.d

Co - ;—."'g%'l'.'l Cw(%.) - mCo (%)

For the case vhere a rolling moment and & yav force are applied, the
reduction equation would he,

Ce = K:(AH,! Cy (_3:) - mv-Cy (53)

vhere 7 and 7V are the equivalent etfy~ and/respectively, but

acting in the X Z plane. rertholootm“ummrmo,
yav torcoi and rolling moment are all present, the complete reduction
equation is

- 4 - cui)- <o (B)

-m.Cq - ~n Cy i)

more 8imply stated

z Ap(BHr) = Tn'Cu -~ Ty-Cy ~To Co - Ty 'Cyp  (38)

vhere ¢

=§_-K;7-3T“‘§ 31;‘-; 3

.rez/”v ,T¢=/ru
a3
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Statis Angle Csrvestion for Balanse Deflestion

ofAce, Dyl and A ¢ appTonimatel the length of the
W 4. Therefere,

(%)

{degrons)

acc, ﬁl (57.3)

e TS

 {

ot
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%m station lesstien (X) will yield & limear

» % (along bedy axis)
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letting y » ‘25 and applying & method of least squares £t to solve for
the slope (J) of the curve sdove and the center of bemding (X,),ve have

x° = i-LJ 'x —szx#
AV-Z/}' - cz,¥)¢ (57)

J =« 2 zTH -~ ()
Ma'zxg -24':X (58)

2 = nusher of terms in arrey
J = oonversion constant (degrees/in-1v)
The equation for AOCcan novw bde vritten as

Acc = JT-N(x - x.) (59)

To fasilitate direct reduction by IBN, eguation (%)) is modified in
e folloving manner

A% « TN(X =F =X + %)

Ax s IN(X = %) = TN(% - %) )

ot X =X, , and using the relationship expressed in equation (10) and
rovriting 1R cosfticient forn, ylelds

AX =T Co g:Sd-TCuw-g:s(X = x) (61)

Beplaying the folloving relationships (derived in the data reductien,
tvo moment Method)

K'A !'-z E"AH;! z- Xa
C"F.é?:?) X.'X;]+ §:3.d X=Xy ] (&)

< A _ AN,
%S -%s) &S (Xi=%)

2

Cw
(63)
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quation (61) now becomes

Ax « :'-k.can.)&_-é,_}.r-k.(an.) fr_‘.&. (64)
[t

=¥,
MW«uﬁoWd“ﬁokht&piﬂhMuﬁ;b
otntmkmthom)hu(

&8 the angle
angle of yaw); equation (64) as
data reduction, now becomes

used in the
< = O invicary, +40¢

o« = s STITPTN 4-%-}(:(4”

‘)E"—:ffj"z 'Ku@"o)l;.'x:_-fﬂ(sg)

Y ¢mm:n'rn + Ay

PP baigoui:

¢ = ¢mmnr:o +J&-K¢(AH¢)&&;¥ ,,_J;.-K,(dn.)[xu- xe. (66)
=Xe -

Kuations (63) and (66) may ve more Simply stated in tne folloving form,

X = OCinvicargy + Eoc (AHe) + D (aH,)

(67)
Y= ¢nmsarn + Ey(aq) + Dy (aHy) (68)
vhere:
EK 'J;'Kg HJ 3 D‘ :J.oK,[_é:;xxL
'~ Xg

Ey = Jy Kausgky oy T -Kefxd =y

xa—X4J
note: )cmmboﬂnlmn x.':-lmuztxthomnct
m‘.
.y l\hﬂlptccrlwml

e-dwmmuhphu
= denote yaw plane
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Internal Btrein-age Balances fer Dymanic Neasurements
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39, With the dymamic balances enumerated abuve the versatility of
the date obtained from vind-tunmel tests vwill be greatly enhanced theredy
mking the viand tunnel & more useful tool with which the asrodynamic
designer oan obtain the inrormation he requires.

40, This report has desorided the general design charncteristics
and the techniques employed in obtaining vind-tuunel data with internsl strain-
g8ge balances. The data reduction equations derived herein ars general
and are applicadble to all cantilever balances of symmetrical cross-section
vhich employ the tvo-moment method in obtaining normal force data.

> S
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SEOTION =-3

FIG. 2A PITCH AND YAW
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